-Our purpose was to determine whether the endothelial cell-dependent dilatory pathways contribute to the regulation of flow distribution in an intact arteriolar network. Cell flow, wall shear stress (T v ), diameter, and bifurcation angle were determined for four sequential branches of a transverse arteriole in the superfused cremaster muscle of pentobaribtal sodium (Nembutal, 70 mg/kg)-anesthetized hamsters (n 5 51). Control cell flow was significantly greater into upstream than into downstream branches [1,561 6 315 vs. 971 6 200 (SE) cells/s, n 5 12]. Tissue exposure to 50 µM N v -nitro-Larginine 1 50 µM indomethacin (L-NNA 1 Indo) produced arteriolar constriction of 14 6 4% and decreased flow into the transverse arteriole. More of the available cell flow was diverted to downstream branches, yet flow distribution remained unequal. Control T v was higher upstream than downstream (31.3 6 6.8 vs. 9.8 6 1.5 dyn/cm 2 ). L-NNA 1 Indo decreased T v upstream and increased T v downstream to become equal in all branches, in contrast to flow. To determine whether constriction in general induced the same changes, 5% O 2 (8 6 4% constriction) or 10 29 M norepinephrine (NE; 4 6 3% constriction) was added to the tissue (n 5 7). With O 2 , flow was redistributed to become equal into each branch. With NE, flow decreased progressively more into the first three branches. The changes in flow distribution were thus predictable and dependent on the agonist. With O 2 or NE, the spatial changes in flow were mirrored by spatial changes in T v . Changes in diameter and in cell flux were not related for L-NNA 1 Indo (r 5 0.45), O 2 (r 5 0.07), or NE (r 5 0.36). For all agonists, when the bifurcation angle increased, cell flow to the branch decreased significantly, whereas if the angle decreased, flow was relatively preserved; thus active changes in bifurcation angle may influence red cell distribution at arteriolar bifurcations. Thus, when the endothelial cell dilatory pathways were blocked, the changes in flow and in T v were uncoupled; yet when they were intact, flow and T v changed together.
CHANGES IN TISSUE BLOOD flow are matched to changes in tissue metabolism during, for example, exercise (15) . In striated muscle, increased flow occurs via the recruitment of complete capillary networks (6, 15, 23, 32) . In microvascular studies, the arterioles that control flow to the capillary networks have been identified (2, 40) . One would predict that, for recruitment to occur, flow into these controlling arterioles must be different during baseline conditions and/or these controlling arterioles must have the capacity to respond differently from each other. In fact, the baseline cell flux (and wall shear stress) into these arterioles is systematically different spatially, being higher in the branches controlling capillary perfusion that arise upstream than in those downstream along the same transverse arteriole (31) . Furthermore, there are predictable spatial and temporal differences in the diameter changes for these vessels in response to metabolic or adrenergic stimuli, which suggest that changes in flow distribution are agonist dependent (6, 8) . These studies together imply that the control of flow into capillary networks is organized spatially and temporally.
Endothelial cell-dependent dilatory pathways modulate flow in many organs (3, 12-14, 17, 36, 38) . These dilatory pathways involve L-arginine/nitric oxide and prostaglandin metabolism to various degrees in different tissues and species (19) (20) (21) (22) . Interestingly, these pathways are involved in exercise-induced dilation (14, 38) , and it has been postulated that they control arteriolar diameter to maintain an optimum flow distribution within the microcirculation (12) and to regulate wall shear stress (19) . These studies thus suggest that the endothelial cell-dependent dilatory pathways might be involved in the spatial control of flow distribution (and of wall shear stress) at the microcirculatory level.
The present study tests whether unequal cell flow (and wall shear stress) distribution into the arterioles controlling capillary perfusion (31) is altered by blocking the endothelial cell-dependent dilatory pathways, thus investigating whether these pathways participate in the regulation of flow distribution. This was accomplished by measuring the red blood cell flux distribution into sequential branch arterioles along a transverse arteriole, before and after the endothelial cell-dependent dilatory pathways are blocked. Inhibition of dilatory pathways results in constriction. To examine the specificity of the changes in flow distribution (i.e., to determine that they were not merely reflective of a generalized constriction), we also tested whether vasoconstriction due to elevated tissue O 2 or norepinephrine (NE) changed the flow distribution.
METHODS

Preparation
Adult male Golden hamsters [HSD:Syr, 123 6 12 (SD) g, n 5 37; Lak:LVG(SYR)VAF 1 , 143 6 15 g, n 5 14] were anesthetized with pentobarbital sodium (70 mg/kg ip), tracheostomized, and maintained on a constant infusion of pentobarbital sodium (10 mg/ml at 0.56 ml/h) via a femoral venous catheter. Systemic hematocrit was determined before and after the experiment and did not change. Deep body temperature was maintained between 37 and 38°C. Mean arterial pressure was monitored via a left femoral arterial catheter and was constant for each preparation. Red blood cells from age-matched donors were labeled with substituted tetramethyl rhodamine isothiocyanate (Research Organics) by use of an established protocol; these red blood cells were used to measure cell flow as an index of blood flow changes, as described elsewhere (33, 35) . The right cremaster was prepared for in vivo microcirculatory observations (8, 40) . The preparation was continuously superfused with bicarbonatebuffered physiological salt solution (equilibrated with 5% CO 2 -95% N 2 gas) and observed using in vivo microscopy, as described previously (8, 32) .
Observation Site
Observations were made in branch arterioles arising in sequence along a single transverse arteriole, which was located in each preparation, as described previously (7, 8, 31, 40) , and is schematized in Fig. 1 . These branches were chosen for study because they control flow into the capillary networks in this muscle (40) .
Experimental Protocol
During a 60-min stabilization period, the tetramethyl rhodamine isothiocyanate-labeled cells were administered (33, 35) , and the presence of vasoactive tone (brisk dilation to locally applied 10 24 M adenosine) and O 2 sensitivity (constriction after transient addition of 10% O 2 to the superfusate) was confirmed in three arterioles (2 randomly chosen arterioles and 1 at the test site).
Sequential arteriolar branches were videotaped after stabilization (control) and after exposure of the entire tissue to the experimental agents. To avoid time-dependent changes, the length of the videotaping periods was minimized, and the sequence of observations was alternated between animals to start at the first or the last branch. In one group of 12 animals the experimental condition was 20 min of exposure to 50 µM
In a second group of 7 animals the experimental conditions were 10 min of exposure to 5% O 2 (equilibrated in the control suffusate as 5% CO 2 -5% O 2 -90% N 2 gas), 10 min of recovery, and then 10 min of exposure to control suffusate 1 10 29 M NE (plus 100 mg/l ascorbic acid). The cell flow, cell velocity, and diameter data with O 2 , but not with NE, have been reported earlier (31) . In the present study we have normalized the branch flow as a percentage of the feed inflow, used an improved calculation of the wall shear stress, and added the bifurcation angle data; none of these was reported previously (31) .
To confirm that each branch arteriole had the same intrinsic ability to respond to Indo or L-NNA, local micropipette application of L-arginine, acetylcholine, Indo, or L-NNA to the external surface of a localized region of the branch arterioles was evaluated, as described previously (8, 9) . The first, third, and last branch arterioles were tested sequentially in the same preparation, with the exposure sequence alternated to start upstream or downstream; responses were not related to exposure order, and each vessel was exposed only once. Exposure of arterioles to control superfusate from the pipette produced diameter changes of ,5%, as in earlier studies (8, 9) . The calculated concentration of the test drugs at the vessel wall is twofold less than the concentration in the pipette, as described previously (8, 9) ; thus the effective concentration of L-NNA or Indo at the vessel wall is estimated to be 50 µM with local micropipette exposure and superfusate tissue-wide exposure.
Measurements
Vessel diameter (in µm) and the angle at which the branch arose from the transverse arteriole (the bifurcation angle, in degrees) were measured off-line from the recorded image with a software program developed for this application (Dept. of Biophysics, University of Rochester, Rochester, NY) calibrated in the x and y directions with a videotaped stage micrometer. Diameter measurements were reproducible to within 0.6 µm, which is 1-2% of the diameter; angle measurements were reproducible to within ,5°. For tissue-wide exposures, the change in diameter and in angle (the response) was calculated as the difference between the test condition and the control baseline condition. For local exposures with a micropipette, the diameter change was expressed as the percent change from baseline, where baseline was defined as the 60-s interval before exposure. The angle of bifurcation was measured within one diameter of the bifurcation junction, as defined previously (7) . Fluorescent cell fluxes and velocities were measured at the boundaries of the bifurcation region for each segment by use of a video software program developed for this application (American Innovisions).
Calculations
Cell flux (F, in cells/s) is given by the following equations: F 5 N t /t and N t 5 m t /p, where N t is the number of cells crossing the specified vessel plane in time t, m t is the number of fluorescent cells crossing the plane, and p is the fluorescent cell fraction. Cell flux was used as an index of cell flow. Cell distribution was calculated as the fraction of the total cell flow into the transverse arteriole that was distributed to each branch and was expressed as a percentage. Individual cell velocities (in µm/s) were measured as the distance traveled in a specified number of video fields; fluorescent cells were taken as representative of the total population (32, 35) . Individual velocities were measured for all cells crossing the specified sampling plane in a specified time interval, and the mean axial cell velocity (v c ) was calculated from their harmonic mean (5) . The shear rate (g, in s 21 ) was calculated as follows: g 5 8·v c /D, where v c was used to approximate the average velocity in the vessel (11) and D is vessel diameter. Hematocrit, the volume fraction of cells in the vessel, was calculated as follows: H 5 F·V c /(v c · pr 2 ), where V c is the mean corpuscular volume [58 3 10 212 cm 3 (34) ] and r is vessel radius (32) . The apparent viscosity (h app ) was calculated from the relationship among vessel hematocrit, vessel diameter, and the relative viscosity (29) . Shear stress at the vessel wall (T v , in dyn/cm 2 ) was calculated as follows: T v 5 h app · g.
Statistical Analyses
The calculated values were pooled by branch and test condition to determine the population means 6 SE. Group comparisons were made between branches by analysis of variance and between experimental conditions by t-tests; correlations were evaluated by linear regression as appropriate (37) . For all statistics, differences were considered significant if P # 0.05.
RESULTS
Cell Flow Distribution During Constriction
Constriction by blocking endothelial cell dilatory pathways. During control, total cell flow was greater into the upstream branch arterioles than to those arising downstream (Fig. 1) . The first branch received 1,561 6 315 cells/s, which was significantly more than the second branch (363 6 75 cells/s), third branch (572 6 150 cells/s), or last branch (971 6 200 cells/s, n 5 12 animals). The total flow into the transverse arteriole was 4,464 6 637 cells/s during control and decreased to 1,790 6 395 cells/s during L-NNA 1 Indo (50 µM L-NNA 1 50 µM Indo). Cell flow was significantly redistributed between branches ( Fig. 2A) , such that more of the available flow went to the last branch during L-NNA 1 Indo (31%) than during control (22%). In contrast, the first branch received ,30% of the available cell flow in control and L-NNA 1 Indo. Thus constriction by blocking the endothelial cell dilatory pathways preferentially increased flow into the downstream branches, yet the flow distribution into the branches remained unequal.
Constriction by metabolic or adrenergic vasoconstrictors. Despite the finding that the baseline cell flux was higher in this separate group of animals, the trends in control cell flux distribution were the same for the two groups of animals. As above, during control, total cell flow into the branch arterioles was not equal. The first branch received more than the second, third, or last branch (2,207 6 1,124, 1,312 6 422, 962 6 368, and 1,073 6 360 cells/s, respectively, n 5 7 animals). The total flow into the transverse arteriole was 7,158 6 2,977 cells/s during control and decreased to 4,733 6 2,144 with O 2 (5%) or to 4,294 6 1,598 cells/s with 10 29 M NE. Cell flow was significantly redistributed between branches for each condition (Fig. 2 , B and C). With O 2 , flow decreased significantly upstream (from 28% of inflow to 16%) and was preserved downstream (from 14% to 13%). Thus flow into each branch became equal. With NE, flow was preserved upstream (from 28% to 27%) and decreased progressively more for the first three branches and was unchanged downstream (Fig. 2C ). The net result was a predictable difference in cell flux for these branches. Thus the flow distribution Diameter and flux changes. The initial control diameter of the branch arterioles was 11.2 6 0.75 µm for the group that received L-NNA 1 Indo (n 5 12) and was larger (15.6 6 0.8 µm, n 5 7) for the group that received O 2 and NE. There was an overall constriction of the branch arterioles with all conditions; the constriction as a percentage of the initial diameter was 214. 2 Because the changes in cell flow were different by branch position, we examined the flow changes for the branches that constricted vs. those that dilated for the branches upstream and for those downstream (Fig. 3, A  and C) . The corresponding diameter changes for each condition upstream and downstream are shown in Fig.  3 , B and D. For all conditions, cell flux (in cells/s) decreased significantly upstream whether the arterioles constricted or dilated but decreased significantly downstream only for the arterioles that constricted. With O 2 , for the upstream branches that dilated, the cell flux decreased significantly more than did the cell flux for the upstream branches that constricted. These data clearly show that the diameter changes did not alone account for the changes in flow and could not explain the changes in flow distribution.
Wall Shear Stress During Constriction
The control wall shear stress was significantly higher in the upstream than in the downstream branches in the group of animals that was exposed to L-NNA 1 Indo (Table 1 ; n 5 12). This was due to a higher shear rate upstream than downstream but could not be attributed to position-dependent differences in the viscosity, which was the same in the first branch and the last branch (Table 1) . During L-NNA 1 Indo, the wall shear stress significantly decreased upstream (1st branch) and significantly increased downstream (Fig. 4) . The changes in wall shear stress reflected changes in shear rate and in viscosity. Because of the high physiological variability in the wall shear stress upstream, these changes were not seen when the overall mean values of the wall shear stress for control and L-NNA 1 Indo are compared (Table 1) . However, the mean value of the wall shear stress was significantly increased downstream, where the variability was much less. The net result was that the wall shear stress was not different in a spatial sense for the branches along this transverse arteriole when the endothelial cell dilatory pathways were blocked.
The wall shear stress in the branch arterioles upstream was not significantly different from that in the branch arterioles downstream for the group of animals that was exposed to O 2 and NE, although there was a progressive decline in wall shear stress for the first three branches (Table 1 ; n 5 7). The control wall shear stress and shear rates were significantly higher at the last branch downstream in this group than in the group that received L-NNA 1 Indo, whereas upstream the wall shear stress was lower, although not significantly (see DISCUSSION) . With O 2 , the wall shear stress decreased overall (Fig. 4) ; the mean values were significantly decreased at the first and third branches ( Table  1 ). The net result was that the wall shear stress was the same upstream and downstream. With NE, the wall shear stress was significantly decreased at only the third branch (Fig. 4, Table 1 ). The net result was that the wall shear stress was progressively lower for the first three branches upstream and was unchanged downstream. Each of these changes was reflected by corresponding changes in shear rate, but not in viscos- ity, which remained unchanged (Table 1) . Thus the wall shear stress was different by position and by the agonist used to constrict the arterioles. Importantly, constriction when the endothelial cell dilatory pathways were intact resulted in a marked difference in the wall shear stress spatially that was attributable solely to changes in the shear rate.
Bifurcation Angle and Flux Distribution
There is not a lot of information available about the role of bifurcation angles in modulating flow distribution in vessels of this size in vivo. There is evidence to suggest that, for larger angles or for increases in angle, fewer cells travel to the branch (26, 28). Because the changes in diameter could not explain the changes in flow distribution in the present study, we examined whether the changes in bifurcation angle were correlated with the changes in cell flux distribution.
Bifurcation angle and angle change. During control, the bifurcation angle was larger upstream [110 6 8°( n 5 12) and 93 6 8°(n 5 7) for L-NNA 1 Indo and O 2 and NE groups, respectively] and progressively smaller for the downstream bifurcations [57 6 5°(n 5 12) and 45 6 12°(n 5 7), respectively], as shown previously (7, 10) . With any change in the vasoactive state, the angles at individual bifucations increased or decreased by as much as 50°, again confirming our earlier finding (7, 10) . Furthermore, here we report that, compared with control, the mean angle did not change at any position with O 2 or NE, as reported for adenosine (7) . However, with L-NNA 1 Indo, the mean angle of bifurcation became significantly larger at the downstream bifurcations (from 66 6 8 to 87 6 8°and from 57 6 5 to 69 6 6°f or 3rd and last branches, respectively, n 5 12) and did not change upstream. Overall, the magnitude of the angle change and the magnitude of the flow change were not correlated (L- (Fig. 6) , where the cell flux into the branch was relatively unchanged if the angle increased (from 1,281 6 479 to 717 6 249 cells/s) or decreased (from 2,119 6 983 to 1,050 6 550 cells/s). This may merely reflect the relatively small changes in cell flux compared with the variability upstream, because downstream with NE, if the angle increased, then the cell flux into the branch decreased significantly from 1,084 6 317 to 583 6 172 cells/s, and if the angle decreased, then the cell flux was relatively unchanged (from 885 6 435 to 441 6 150 cells/s). Thus the changes in angle and cell flux were related both upstream and downstream, in contrast to the spatially organized wall shear stress and flux distribution behaviors that we observed. 
Local Application of Vasoconstrictors
To rule out the possibility that the responses obtained from the tissue-wide exposure had occurred because the responsivity (i.e., ability to respond to an agonist) of the upstream branches was different from the responsivity of the downstream branches, we determined the local responsivity of each branch to L-NNA and to Indo. [In a previous study we determined that the local responsivity of each branch to NE was the same (8) .] The baseline arteriolar diameter was 12.6 6 0.76 µm (n 5 50 vessels in 19 animals). Local micropipette application of Indo, or (separately) L-NNA, produced a similar degree of peak constriction in upstream (Indo: 223 6 5% of baseline, n 5 4 animals; L-NNA: 227 6 4%, n 5 5 animals) and downstream (Indo: 227 6 5%; L-NNA: 228 6 5%) branch arterioles. In other experiments, constriction to L-NNA (to 222 6 5% of baseline) was reversed with simultaneous pipette exposure to L-arginine (to 113 6 4% of baseline, n 5 8 vessels in 4 animals). Dilation to acetylcholine (to 182 6 16% of baseline) was partially inhibited by simultaneous pipette exposure to L-NNA (to 142 6 16% of baseline, n 5 6 vessels). Separately, dilation to acetylcholine (to 1141 6 40% of baseline) was partially inhibited by Indo (to 180 6 33% of baseline, n 5 6 vessels). Thus the L-arginine and prostaglandin pathways are present in these arterioles independent of their location upsteam or downstream.
DISCUSSION
The most important finding of this study is evidence that flow heterogeneity, classically described at the organ level, is in fact not random within the peripheral circulation but is instead modulated spatially within an area as small as that fed by a single transverse arteriole. Constriction by different agonists elicits specific changes in cell flow distribution along this transverse arteriole. We interpret the agonist-specific vascular changes as indicative of separate mechanisms of the vasculature to respond to quite specific changes in the state of the tissue. The implication is that this transverse arteriole and its branches may constitute an arteriolar functional unit for the control of the delivery of blood within a defined microvascular region.
Tissue-Wide Stimuli Evoke Integrative Responses
We have shown that the L-arginine and the prostaglandin pathways influence the baseline arteriolar diameter in these vessels, as found for other tissues and species at this level of the microcirculation (3, 19, 21, 36, 39) . Furthermore, as we previously showed for NE (8) , there is no difference in the response of the arterioles at different locations (upstream vs. downstream) to locally micropipette-applied L-NNA or Indo. Constriction to L-NNA was specific for an L-arginine pathway, because it was reversed by simultaneous addition of substrate (L-arginine). We also confirm that these pathways are present in the endothelial cell in this tissue, because dilation to acetylcholine was inhibited by L-NNA or Indo. To determine whether these pathways were involved in flow distribution, we exposed the entire tissue to both L-NNA and Indo, because the biochemical pathways involving L-arginine and prostaglandins are linked (4, 24) , and we wanted to block all endothelial cell-dependent dilatory capability by these pathways. Clearly, L-NNA and Indo applied across the entire tissue did not uniformly constrict these arterioles (maximum range 137 to 265%). Instead, a spatially organized vascular response resulted.
To test whether the responses were specific to the vasoconstriction that resulted from blocking the endothelial cell-dependent dilatory pathways, we used data collected during an earlier study (31) in which the vasculature was constricted by exposure to low concentrations of NE or O 2 . Comparing the baseline values for the two groups of animals used (the group that was Fig. 6 . Change in cell flux (condition-control) with exposure to 50 µM L-NNA 1 50 µM Indo (n 5 12), 5% added O 2 , or 10 29 M NE (n 5 7) for upstream vs. downstream branches along transverse arteriole; data are separated by response of angle to increase or decrease between control and experimental condition (n is indicated above bars). Values are means 6 SE, with significance set at P , 0.05. D Significant change from control (i.e., different from zero).
exposed to L-NNA 1 Indo vs. the group that was exposed to NE and O 2 ), we find differences in the baseline diameters, cell velocities, and cell fluxes. These differences presumably reflect variations, for example, in the strain of animals and, hence, in their developmental states at the time of use (34) . Nevertheless, the baseline flow distributions for these two groups of animals were similar in transverse arterioles that were identified using identical criteria. Microvascular and architectural properties are similar in the two groups of animals (2, 8, 31, 40) . We report spatially predictable vascular responses that are different for each of these agonists (L-NNA 1 Indo, O 2 , and NE). Thus we conclude that blocking the endothelial cell-dependent dilatory pathways has uncovered the contribution of these pathways to the spatial organization of vascular tone, wall shear stress, and flow distribution.
Control of Flow Distribution
It is clear that endothelial cell-dependent dilatory pathways significantly affect flow within the peripheral circulation (12-14, 17, 27, 36) . The effect of these pathways on flow distribution has been illustrated by studies which show that intravascular inhibition of the L-arginine and/or prostaglandin pathway significantly decreases flow through specific tissues, such as skeletal muscle (13, 14, 17, 36) . In this study, using observations made at a single microvascular generation within the muscle, we are able to describe how flow distribution is altered within the peripheral circulation. We observed a defined transverse arteriole that supplies blood to the inflow vessels of separate and adjacent capillary networks (2, 40) . When the dilatory pathways are intact, the cell flow to the capillary networks arising from the upstream branches is preferentially greater than that into networks arising from the downstream branches along the same transverse arteriole. This upstream vs. downstream difference in vascular capacity supports our previous findings, indicating that mechanisms are in place that regulate the upstream region differently from the downstream region of this transverse arteriole (8, 9, 31) . We now conclude that this upstream-todownstream difference is partially under the control of the endothelial cell-dependent dilatory pathways. In comparison, vasoconstriction by O 2 or by NE each elicited distinct patterns of spatial reorganization of flow along this transverse arteriole (Fig. 2) . The net result with O 2 is a pattern of flow distribution with overall equal flow into each branch (13-16%), whereas with NE more flow was diverted into the first branch and progressively less into the second and third branches. Clearly, the mechanism by which vasoconstriction is induced is important in a determination of how flow is redistributed into the branches and thence into capillary networks.
Control of Wall Shear Stress
Endothelial cell-dependent dilatory pathways are involved in flow (shear)-dependent dilatory responses (19) (20) (21) 25) . Others have shown that these pathways participate in the regulation of wall shear stress in isolated vessel systems (19) and that they optimize vascular resistance to optimize flow distribution over several vascular generations (12) . We show here that, within one vascular generation, inhibition of these endothelial cell-dependent dilatory pathways has made the wall shear stress more uniform in the branches along the transverse arteriole. Likewise, constriction with O 2 made the wall shear stress more uniform. In contrast, constriction by addition of NE resulted in a marked difference in wall shear stress for the first vs. the third branches. With inhibition of the endothelial cell-dependent dilatory pathways, changes in the wall shear stress were unrelated to the changes in flow distribution (cf. Figs. 2 and 4) . For example, despite a significant decrease in wall shear stress in the first branch, the fractional flow to the first branch was maintained; at the third branch, wall shear stress increased significantly while flow distribution did not change; downstream, wall shear stress increased, and the last branch received more of the available flow. In contrast, with O 2 or with NE, changes in flow distribution matched the changes in wall shear stress upstream and downstream (Figs. 2 and 4) . For example, with O 2 , the wall shear stress decreased significantly at the first branch, as did the relative flow, and with NE, the wall shear stress decreased significantly at the third branch, as did the flow. The implication is that intact dilatory pathways are necessary to coordinate flow and fluid shearing forces upstream and downstream along this transverse arteriole. One way these responses could be spatially coordinated in an intact arteriolar network is via a vascular communication system, linking the upstream and downstream regions. We have demonstrated that L-arginine initiates a conducted vasodilation along this transverse arteriole (9) ; this suggests that the response of the vasculature is organized spatially by an L-arginine pathway. Furthermore, we have shown that the L-arginine-induced conducted signal also alters the responsivity of the upstream region but not the downstream region (9) . How this L-arginine-linked conducted response is related to the prevailing spatial differences in flow or wall shear stress remains a puzzle to be solved.
The observed range in wall shear stress was quite large (2-72, 0-81, 1-25, and 1-36 dyn/cm 2 during control, L-NNA 1 Indo, O 2 , and NE, respectively). This variability far exceeds the measurement error (65%), which leads us to conclude that the variability in wall shear stress is physiological in these arterioles. The measurement error is the same at each branch, but the variability (range) was greater in the upstream branches (2-72 dyn/cm 2 ) and significantly less downstream (5-23 dyn/cm 2 ) for the L-NNA 1 Indo group.
Why Was Flow Change Unrelated to Diameter Change?
In the microcirculation, vessel diameter is expected to be a major determinant of red cell partitioning at individual microvascular bifurcations (11) . We found that changes in diameter and in cell flow were not correlated for any experimental condition. Further-2112 more, for all conditions, cell flow decreased significantly upstream whether the arterioles constricted or dilated but decreased significantly downstream only for the arterioles that constricted. From consideration of the hemodynamic or myogenic regulatory mechanisms, we would expect flow to be relatively preserved in a vessel that dilated when the inflow is decreased. Therefore, the real question may be, Why was flow not decreased less for the arterioles that dilated upstream? However, we are observing an intact system, and the changes across the tissue will of course impact on the local flow distribution; this may be why flow and diameter changes are not directly linked at the observation site. This study indicates that, in an intact system, diameter changes alone cannot be used to indicate changes in the distribution of flow. We illustrate this from a previous study, in which we measured only diameter changes during tissue-wide O 2 (8) . We concluded that because the arterioles were more likely to constrict downstream, flow had been relatively preserved upstream. The present measurements of cell flow show that conclusion to be false; with O 2 , flow is relatively preserved downstream where the branch constriction is greater. Thus the present study suggests that the spatial position within a defined connected group may be a better indicator than just diameter change of how flow redistributes with a specific stimulus.
Do Bifurcation Angles Affect Cell Distribution?
Angle change. Previously we showed that active changes in angle are not dependent on branch location after dilation with adenosine (7) . In the present study, we show that angle change is indeed dependent on the branch location after constriction with L-NNA and Indo, but not with O 2 or NE. Our data indicate that constriction (over this narrow range of diameters) was not related to angle change with L-NNA 1 Indo (r 5 0.21), O 2 (r 5 0.19), or NE (r 5 0.04), and not all branches that constricted were from bifurcations that increased in angle (P . 0.05, Mann-Whitney U-test). Thus the bifurcation angle and segment diameters, which describe the internal geometric shape of the bifurcation in two dimensions, can change independently of each other. It is possible that the way the angle and diameter change together may be related in three dimensions, but our two-dimensional data indicate that this is not in a direct and simple manner. Therefore, we speculate that the link between vessel tone and bifurcation angle may depend on the vasoactive stimulus and may be related to specific threedimensional shape changes within the bifurcation that are agonist specific.
Angles and flow. Endothelial cell-dependent dilatory pathways optimize flow distribution over many vascular generations within the peripheral circulation by optimizing the diameters and the bifurcation angles (12) . In the systemic circulation, it is established that the bifurcation geometry (diameter and angles together) strongly influences the cell and total flow partitioning (16, 30) . In contrast, few studies have reported on angle and flow in the microcirculation, where the flow rates are much lower. Such studies are predominantly in vitro, and they suggest in a general sense that bifurcation angle may influence cell (particle) distribution in vessels of this size (1, 26, 28) . Interestingly, we show that angle increase was associated with a significant decrease in cell flow (except for NE upstream), whereas angle decrease was always associated with a relatively preserved cell flow. We speculate that angle changes at this level of the vasculature may be one mechanism by which cell flow (and thus O 2 supply capability) into capillary networks is actively modulated.
In summary, this study shows that constriction significantly changed the spatial organization of cell distribution and wall shear stress within a defined microvascular region. The spatial pattern of flow changes was significantly dependent on the mechanism by which the vasculature was constricted. The changes in cell distribution were mirrored by the changes in wall shear stress only when the endothelial cell-dependent dilatory pathways were intact. Neither the vessel diameter nor diameter changes were directly related to the changes in flow distribution. Instead, flow redistribution was associated with the change in arteriolar bifurcation angle at each position.
